The partial replacement of Portland cement (PC) by glassy aluminosilicates in cementitious binders has been common practice for decades, offering concretes with increased durability and long term strength compared with PC concretes.
Introduction
Developing and maintaining a built infrastructure that is fit for purpose continues to be a major economic driver in the developed and now developing worlds.
Consequently, the prominent role played by concrete in construction places increasing demands on the cement industry which must balance its levels of production with managing its impact on the environment; Portland cement production contributes around 5% of global anthropogenic CO2 [1, 2] . Low lime content aluminosilicates, such as blastfurnace slag (BFS) and coal combustion fly ash (FA), have been used as supplementary cementitious materials (SCMs) by the cement industry for many years as a partial replacement for Portland cement (PC) [3] . Despite their long term contribution to durability and mechanical strength, their level of replacement is limited however, due and it is here that network modifiers such as Ca are associated with the glass 'structure'
in an ionic bond which, unlike the Si-O or Al-O covalent linkages, is vulnerable to attack by ionic (aqueous) solutions. It is from here that the well-known ion exchange reactions in glasses take place, whereby Ca becomes mobile as it is replaced by H + from solution (leached layer model). This process is the first in a series of consequential system changes, including variations in solution pH and aluminosilicate network hydrolysis reactions so it is evident that the glass composition is quite important.
Clearly, the higher the concentration of NBOs, the higher the potential for ion mobility and the higher the reactivity on exposure to an aqueous solution. As an example, the higher Al2O3/SiO2 ratio in BFS, shown in Figure 3 , means a higher level of charge balancing is required than for FA. The BFS network will have a higher NBO concentration and will therefore be more vulnerable to attack from aqueous solution than the lower Al2O3/SiO2 ratio, lower Ca content FA glass; however, FA solubility/reactivity may be further influenced by its higher crystalline content. The BFS is therefore predicted to be more reactive than FA which is well-documented [6] [7] [8] . Despite this conceptual approach to modelling aluminosilicate reactivity, there are still challenges in predictive reactivity modelling. SCMs provide a 'filler' effect which enhances precipitation of PC hydration products on SCM surfaces [9, 10] . SCM hydration products are similar in composition to that of PC hydration products which makes direct differentiation of reaction rates difficult. These factors complicate the definition of SCM reaction kinetics. The approach taken in the present study utilises aqueous solutions to activate a synthetic BFS-like to simplify the system and to avoid the complicating influence of PC reactivity. A selection of activating solutions allows variations in pH and ion composition to monitor the effects on rates of hydrolysis of the aluminosilicate network and to monitor dissolution profiles as well as surface precipitation characteristics which influences mass transport through the changing surface. XRD patterns (Panalytical X'Pert Pro diffractomer equipped with a Cu Kα1 1.54 Å Xray source) were recorded in the range 10° < 2 θ < 50° with a 0.0263° step size to confirm the amorphous nature of the glass.
Materials and methods

Synthetic
NBO/T were calculated using equation (1)[11-13]
This calculation provides an approximation only; an accurate calculation would require the exact coordination of Al in the glass to be known [14] .
The number of Al-O-Si linkages per Si tetrahedron are taken as 4 times the bulk Al/Si atom ratio, assuming a random distribution of alumina tetrahedra, a low Al/Si ratio and no Al-O-Al linkages as they are unfavourable [15] . A higher number of Al-O-Si linkages over Si-O-Si, will result in higher dissolution rates due to the more favourable hydrolysis of Al-O-Si bonds which will preferentially release Al into solution leaving a Si-rich surface layer [3, 16] . Si-O-Si 0.69
Tg (K) 1160
The synthetic BFS glass was cleaned in acetone and dried at 60 . XPS measurements were performed using Monochromatic Al Kα X-rays and data extracted from the spectra via peak fitting using CasaXPS software and a Kratos Library. Shirley background was assumed in all cases and spectra were corrected for charging effects using the adventitious C 1s peak at 284.8 eV. Surface spectra were recorded using TOF-SIMS with a Cs + sputter gun and a flood gun to reduce surface 
Results and Discussion
Solution analyses
Results for the system BFS-H2O are shown in Figure 4 . The variation in the normalised analytical concentrations of a specific ion (Qnorm, mol/cm 2 )
in relation to specific surface area (SSA, cm 2 /g), sample mass (m, g), volume of solution used (Vsoln, L) and atomic fraction of the element in the glass (xi) [15] , given by equation (2),
is presented in With only a few exceptions, this short-term feature has not been typically reported in glass dissolution studies but it was evident in all BFS-activator solution systems studied here.
For the purpose of discussion and to facilitate comparison between activator solutions, the release rates of Al, Ca and Si (r in mol/cm 2 /s) normalised to the atomic fraction of the element in the glass were calculated using equation (3) 
= (3)
All dissolution rate profiles show an initial release of all elements followed by a slower rate of release and then steady-state behaviour. The initial release of Al and Si can be attributed to the hydrolysis reactions occurring at the surface of the glass. Ca release is considered to be a consequence of matrix dissolution but also of ion-exchange with protons ahead of the matrix dissolution front as discussed above. In H2O ( Figure 5 (a)), this is significantly faster than for the Al and Si release. The increased dissolution rate of the aluminosilicate in NaOH is due to the increased rate of hydrolysis in alkaline solutions and is affected also by the different coordination environments at the surface from that in the bulk [17] .
The lower rates of dissolution in KOH relative to NaOH activator solutions ( Figure 5 (b and c)) may be attributed to the charge density difference between Na + and K + [18] which influences the stability of the hydration sheath on the hydrated ion. This has been
shown to influence the coagulation behaviour of silica sols, the surface reactions of which can be considered similar to that occurring at the aluminosilicate surface. The larger K + ion more readily relinquishes water to participate in direct interaction and charge compensation with the silicate anion, blocking further hydrolysis [19] and reducing dissolution rate. Also, the smaller Na + ion will interact more strongly with surrounding anions and thus be more active resulting in a higher extent of dissolution in NaOH solutions [20] .
It can be noted that high release rates were also observed after successive hydrolysis experiments [21] which shows that the effect is not the result of surface fines created A further chemical consequence of pH is its impact on Ca reactivity [16] . Just as increasing pH increases hydrolysis and rates of dissolution of the aluminosilicate network, hydrolytic dissociation of hydrated Ca ions leads to the progressive loss of H + from water molecules in the hydration layer, the first step being the formation of + CaOH(aq). The formation constant for this species (Kh = 10 1.36 [26] ) reveals that + CaOH(aq) begins to become quantitatively significant at pH > 11, which coincidentally is in the region of the minimum pH for the stabilisation of C-S-H gel and may reflect a condition for Ca reactivity. This would be consistent with the interaction of Ca(aq) with aluminosilicate zeolites, which at neutral pH is passive, with Ca 2+ (aq) uptake into the zeolite by ion exchange for Na + for example. At cement-relevant pH, aluminosilicate zeolites can undergo pozzolanic reaction with Ca to produce C-(A)-S-H gel. This has significance for the role played by Ca as the pH changes at the aluminate surface due to ion exchange and other surface reactions as discussed above. Dashed lines across the graph represent the relevant ratios in the pristine glass Figure 6 . Ion ratio plots for synthetic BFS glass exposed to H2O. Figure 7 . Ion ratio plots for synthetic BFS glass exposed to 0.1M NaOH XPS and TOF-SIMS analyses penetrate the sample to different depths; XPS to between 6 and 12 nm [27, 28] and TOF-SIMS to around 1.5 nm [28] and analytical data reflect average ion ratios over the depth of penetration for the respective techniques. This penetration depth differentiation offers important insights into what is happening at the near surface of the glass; for the H2O data set, ToF-SIMS data, although semiquantitative, indicate that there is Ca enrichment in the first 1.5 nm of the BFS glass surface whilst XPS indicates Si enrichment in the first 6-12 nm. This apparent contradiction can best be illustrated using the schematic in Figure 8 which shows Ca/Si ratio analyses based on two sampling times (5 and 180 minutes). Taking the 5 minute data for either activator, the surface enrichment of Ca (relative to the pristine (bulk) glass) is indicated by the average ToF-SIMS-derived ion ratio corresponding to a depth of 1.5 nm. The corresponding ion ratio from XPS is somewhat lower (depleted with respect to the pristine glass) but this now extends to a greater depth, e.g. 10 nm.
Solids analyses TOF-SIMS and XPS
Satisfying these values as averages across the respective length scales enables a composition profile with depth to be postulated as shown.
The relative positions of the pristine glass-modified layer boundary are estimated from the application of an equivalent layer thickness model [29, 30] to the solution data. The modified layer defines a zone affected by 'leaching', in practice, where network modifiers have been mobilised via ion exchange. However, the highly alkaline NaOH solution is aggressive towards the network which supports the NBO exchange sites and consequently the rate of dissolution is greater than the rate of ion exchange and diffusion. The effect of Ca on dissolution rate Ca reabsorption by the glass surface, as indicated by solution data, is evident in both the pH neutral and alkaline systems.
However, this does not imply the same mechanism is active. Indeed, as discussed above, the surface characteristics of the aluminosilicate glass network as well as the reactivity of aqueous Ca are strongly influenced by pH [16, 30] . At neutral pH, hydrated Ca ions are likely to be adsorbed on a negatively charged aluminosilicate surface whereas at higher pH, there will be a tendency towards chemical reactivity and the formation of covalently bonded calcium silicate or aluminosilicate phases (C-S-H/C-(A)-S-H). It is interesting however that the high w/s ratios used has given solution compositions which are undersaturated with respect to known cement-relevant phases (with the possible exception of gibbsite (Al(OH)3) suggests that either the solubility limiting phase is not yet characterised or that it is not in equilibrium with the bulk solution; composition gradients may be enhanced by diffusion limitations in porous surface layers [32] .
In any case, the effect of any Ca-bearing phases on dissolution behaviour is most likely reflected in the 'steady state' dissolution rates of the network former ions, specifically
Si indicated by the long term (flat) portion of the rate data in Figure 9 (a) to show the effect of Ca additions of 0.5 to 8 mM on the dissolution rates of BFS glass in water.
Although there is some scatter in the data, a decrease in the steady state rate of Si release from the glass is evident. This passivating effect has previously been observed for glasses already containing Ca, such as the BFS glass and has been associated with the formation of hydration products (hydrated calcium silicates) covering the surface [33] , or being integrated in the hydrated layer [24] . Ca into solution may also be expected from industrial ground granulated BFS, which is quenched and ground in the presence of water/moist air. The initial burst of activity long attributed to BFS hydration [46] and confirmed more recently by Kocaba, et al [9] , would be consistent with an initial release of soluble Ca. The effect of increased Ca concentrations in the pore water from cement hydration and/or the Ca deficient nearsurface of the glass (XPS data - Figure 6 and 7) may account for the dormant period which follows [9] . The timescales in real cement systems of course are much longer than in the present study as might be expected from the different w/s ratios used.
Conclusions
This early stage study of synthetic BFS-like glass activation has identified an initial rapid release of Ca in each of the activator systems studied. This release into solution can be correlated with a near surface accumulation of Ca as observed by ToF-SIMS and associated with prehydration, similar to that reported by Hench [31] .
Although the chemical environment is more complex in a cementitious mixture, this observation has relevance to the use of industrial ground granulated blastfurnace slag (GGBFS), which is quenched, and ground in the presence of water. The hydration kinetics of BFS are characterised by an initial burst of activity followed by a dormant period [9, 46] . Such behaviour would be consistent with the early availability of Ca, the reaction rate diminishing as the locally available Ca becomes exhausted. Although the timescales are highly compressed in the present study due to the high water/solid ratios used, the availability of Ca is important in controlling reactivity in the longer term as 
